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Introduction
Development of the secondary palate, which ultimately divides the oro-nasal space into separate oral and nasal cavities, involves a complex series of integrated events that requires close coordination of developmental programmes for cell migration, growth, adhesion, differentiation and apoptosis. Failure of these processes results in the congenital anomaly cleft palate which has an estimated incidence of 1 in 2500 live births [1, 2] . Cleft palate results in considerable morbidity to affected individuals as they may experience problems with feeding, obstructive apnoea, speaking, hearing and social adjustment which can be improved to varying degrees by airway support, surgery, speech therapy, dental treatment, and psychosocial intervention [1, 2] . The frequent occurrence and major healthcare burden imposed by cleft palate highlight the need to dissect the fundamental mechanisms that underlie development of the secondary palate.
Cleft palate has a strong genetic component with over 50% of cases occurring with additional noncleft abnormalities as part of a syndrome [3] . Over 500 syndromic forms of cleft palate have been described, most of which result from single gene mutations or chromosomal abnormalities. Identification of the genetic mutations underlying syndromic forms of cleft palate allied to developmental studies using appropriate animal models is central to our understanding of the gene regulatory networks underlying palatal development and the pathogenesis of cleft palate.
Palatal development
Development of the secondary palate in mice closely mirrors that occurring in humans; consequently, the mouse is the main model organism used for studying palatogenesis [4] [5] [6] . In mice, palatal shelves initiate from the maxillary processes on embryonic day (E) 11 and grow vertically, lateral to the tongue, during E12 and E13 ( Fig. 1) . At these stages, each palatal shelf consists of a core of neural crest cell-derived mesenchyme surrounded by a simple, undifferentiated epithelium consisting of a basal layer of cuboidal ectodermal cells and a surface layer of flattened periderm cells similar to the remainder of the oral epithelia and the epidermis [7, 8] . During E14, the palatal shelves rapidly re-orientate to a horizontal position above the dorsum of the tongue and contact via their medial edge epithelia (Fig. 1) . The medial edge epithelia of the apposed palatal shelves adhere to form a midline epithelial seam which is subsequently removed to allow mesenchymal continuity across the palate by E15 (Fig. 1) .
Although the epithelia of the vertical palatal shelves are in intimate contact with the mandibular and lingual epithelia, pathological fusions between the palate and the mandible and/or the tongue are rare [9] [10] [11] ; nevertheless, the medial edge epithelia must rapidly acquire the capability to fuse if the palatal shelves are not to remain cleft. Although the mechanisms by which removal of the midline seam is ultimately completed have been controversial, the prevailing evidence now supports a major role for cell death with epithelial-mesenchymal transformation playing only a minor, if any, role [6, [12] [13] [14] Recent evidence has suggested that removal of the periderm from the midline epithelial seam is a pre-requisite for palatal fusion to be completed successfully; inhibition of periderm elimination resulting in prevention of medial edge epithelial cell death and cleft palate [13] . These observations indicate that competence for oral and palatal shelf adhesion is precisely regulated; however, the mechanisms that control this process are only partially characterised.
Periderm life-cycle
During embryogenesis, the immature ectoderm progress through a series of defined stratification and differentiation events to produce the mature epidermis, the first of which results in periderm formation (Fig. 2) . Unlike later stratification events which result from asymmetric cell division [15] , periderm formation commences at multiple sites as a subset of the cuboidal ectodermal cells express keratin 17, extend cellular processes over their neighbouring cells, lose contact with the basement membrane, and migrate over the basal cells to form a surface layer of flattened, endothelial-like cells [16, 17] (Fig. 2) . Periderm is observed first over the tail and limbs before spreading in a wave over the face and torso such that the embryo is covered by E14 [16, 18] . Similar to the epidermis, oral periderm forms in a patterned manner, initially over the developing facial complex at E10.5 and later over the palatal shelves [18] .
From E16-E17, formation of the metabolically-inactive cornified layer results in acquisition of a highly competent barrier that prevents water loss, entry of toxins, and microbial invasion. At this stage, periderm disaggregates in a patterned manner that recapitulates barrier formation due to loss of contact with the terminally-differentiated keratinocytes [18] [19] [20] [21] [22] (Fig. 2) .
Periderm function
Insights into the function of periderm arose from analysis of mice carrying mutations in the gene encoding Interferon Regulatory Factor 6; IRF6. Mice homozygous for either the Arg84Cys mutation, which abrogates DNA binding, or a loss-of-function allele, exhibit a hyper-proliferative epidermis that fails to undergo terminal differentiation resulting in absence of the granular and cornified layers [23, 24] . Consequently, desmosomes are present in the most superficial layers of the mutant epidermis leading to multiple inter-epithelial adhesions that result in the hind-limbs, tail and body wall adhering to one another, the lumen of the oesophagus being obliterated, and cleft palate resulting from severe intra-oral epithelial adhesions [23, 24] . Despite these observations, the phenotype was apparent prior to the onset of terminal differentiation with abnormally shortened, curved limb-buds and oral adhesions observed at E12. Notably, an identical phenotype was observed in mice carrying mutations in the genes encoding IκB kinase-α (IKKα) and the cell cycle regulator protein stratifin (SFN) [25] [26] [27] [28] [29] with periderm shown to be absent in all three strains [18] . By immunostaining with antibodies against a panel of adhesion complex proteins, Richardson and colleagues subsequently demonstrated that prior to periderm formation the apical surfaces of the naïve ectoderm cells were not adhesion-competent in either wild-type or mutant mice [18] (Fig. 3) . As development progressed, the presence of tight junctions at the apico-lateral borders of the periderm cells provided a 'fence function' to prevent spread of adhesion complexes onto the apical surface in wild-type embryos (Fig. 3) . In contrast, the mutant mice failed to develop periderm resulting in cell adhesion molecules being expressed on the apical membrane of exposed basal cells [18] (Fig. 3) .Ultrastructural analysis confirmed the absence of periderm and revealed a statistically-significant increase in apical protrusions from the exposed basal cells in Irf6 R84C/R84C embryos. Moreover, in regions where adjacent epithelial surfaces were in close proximity, such as in the oral cavity, the epithelial protrusions established contact and were connected by desmosomes [18] . These observations indicate that periderm cells act as a protective barrier which prevents pathological adhesion between intimately apposed, adhesion-competent epithelia: in essence, periderm acts as a protective 'non-stick' coat. Further support for this function was provided by the observation that mosaic ablation of periderm using a genetic strategy resulted in intra-oral adhesions between the maxillary and mandibular processes. Although these adhesions were generally limited to the lateral regions of the oral cavity, in severe cases they prevented normal development of the palatal shelves resulting in cleft palate [18] .
Peridermopathies
Further support for the periderm acting as a protective barrier during embryogenesis was provided by the observation that failure of periderm formation underlies the popliteal pterygia syndromes; a series of devastating human congenital disorders characterised by cutaneous webbing across one or more major joints, cleft lip and/or palate, syndactyly, and genital malformations. These conditions include Van der Woude syndrome, popliteal pterygium syndrome, Bartsocas Papas syndrome, and cocoon syndrome which result from mutations in IRF6, IKKA and RIPK4 [30] [31] [32] [33] [34] .
Van der Woude syndrome, an autosomal dominant disorder characterised by cleft lip and palate with lip pits, is the most common syndromic form of cleft lip and/or palate accounting for approximately 2% of all cases [2] . Popliteal pterygium syndrome is a more severe allelic disorder that presents with a similar orofacial phenotype and additional features including bilateral popliteal webs, syndactyly, genital anomalies, ankyloblepharon, oral synechiae, and nail abnormalities. Both conditions can arise as the result of mutations in IRF6 which encodes a transcription factor characterised by a highly conserved, helix-turn-helix DNA-binding domain and a less well-conserved protein interaction domain [30] . The mutations in IRF6 are non-randomly distributed with VWScausing mutations being evenly divided between protein truncation and missense variants while the majority of PPS-causing mutations are missense changes that cluster in the DNA-binding domain and affect amino acid residues predicted to contact DNA directly [30, 35] . It is estimated that IRF6 mutations account for 70% of cases of VWS and 97% of cases of PPS [35] .
A second VWS locus was mapped to human chromosome 1p34 [36] and VWS was confirmed to be genetically heterogeneous by the demonstration that mutations in the transcription factor Grainyhead-like 3 (GRHL3) underlie VWS in a subset of IRF6-negative families [37] . Transfection of GRHL3 mutation variants into zebrafish embryos abrogated periderm development via a dominantnegative effect, while all Grhl3-null mouse embryos developed abnormal periderm resulting in cleft palate in 17% of cases [37] , confirming that VWS2 is also a peridermopathy. A common risk variant (rs41268753; p.Thr454Met) in the GRHL3 coding sequence is also an important contributor to nonsyndromic cleft palate [38, 39] . Notably, this variant has been shown to disrupt periderm development in zebrafish [38] .
Bartsocas Papas syndrome is a debilitating autosomal recessive disorder characterised by multiple popliteal pterygia, cutaneous syndactyly, lack of nails, ankyloblepharon, filiform bands between the jaws, hypoplastic external genitalia, cleft lip and/or palate, and fetal or neonatal lethality, although, in the latter case, survival into childhood and beyond has been reported [40] . Through a combination of exome sequencing and homozygosity mapping, homozygous mutations in the gene encoding RIPK4 were identified in individuals affected by Bartsocas Papas syndrome [32, 33] . Ripk4 -/-mouse embryos display epithelial fusions resulting from failure of periderm development thereby mirroring the phenotype observed in Irf6 R84C/R84C , Irf6 -/-, Ikka -/-and Sfn -/-mice [18, 41, 42] . RIPK4 encodes a 784 amino acid receptor interacting serine/threonine kinase comprising a highly conserved N-terminal kinase domain, a linker region, and a regulatory domain containing 11 ankyrin repeats towards the C-terminus [43] with Bartsocas Papas syndrome mutations mainly affecting highly-conserved amino acid residues in the kinase domain. Mutations that arise in the ankyrin domains tend to cause the milder popliteal pterygium phenotype although the genotype-phenotype correlation is not absolute [34] .
Cocoon syndrome (Severe Fetal Encasement Malformation) is the rarest and most severe of the conditions characterised by popliteal pterygia and has been shown to result from homozygous lossof-function mutations in IKKA [31] . Similar to the observations regarding RIPK4, mutations in IKKA cause a range of features along the Bartsocas Papas syndrome-cocoon syndrome spectrum, although the number of mutations identified to date is very small [34] . Notably, analysis of a human fetus affected by cocoon syndrome demonstrated the absence of periderm in regions of epithelial adhesion mirroring the findings made in Ikka -/-embryos thereby confirming that failure of periderm formation underlies pathological adhesions in humans as well as mice [18] (Fig. 3 ).
Molecular control of periderm development
Although an embryonic barrier function has been assigned to periderm, the molecular events driving its development remain only partially elucidated. While IRF6, IKKα, SFN and RIPK4 play a fundamental role in periderm formation, it is not clear how these proteins interact with one another and with additional components of the underlying gene regulatory network.
IRF6 binds to a conserved sequence conforming to the interferon-stimulated response element [44, 45] and promotes periderm differentiation by direct regulation of Grhl3 expression [46] . Despite this observation, sub-cellular localisation studies have indicated that IRF6 localises to the cytoplasm [23, 24, 47, 48] suggesting that IRF6, as observed for other IRF family members, exists in an autoinhibited state until activated by phosphorylation [49] . While IKKα is critical for normal differentiation of epidermal keratinocytes, this function is independent of its kinase function [50] . In contrast, RIPK4 phosphorylates IRF6 to drive nuclear translocation and regulate its trans-activator activity, mutations in the kinase domain of RIPK4 that underlie Bartsocas-Papas syndrome disrupting this activity [42, 51] . Mutagenesis assays identified Ser413 and Ser424 as the key regulatory phosphorylation sites in IRF6 [52] . Comparison with IRF3, which also exists in an auto-inhibited state until activated by phosphorylation, suggests a two-step activation model in which phosphorylation of Ser424 causes reorganisation of the auto-inhibitory structure leading to unmasking of a hydrophobic active site, phosphorylation of Ser 413, and realignment of the DNA binding domain for transcriptional activation [53, 54] . Interestingly, RIPK4 is activated by over-expression of IRF6 in vitro suggesting that IRF6 initially stimulates RIPK4 which subsequently amplifies IRF6 activity [42] . Overexpression of RIPK4 has also been shown to promote Wnt signalling, an activity that is dependent on its kinase activity and which is abrogated by mutations that underlie Bartsocas Papas syndrome [55] . Although RIPK4 phosphorylates the Dishevelled protein DVL2 directly [55] , the role of increased Wnt signalling in periderm development has not been determined.
While the kinase function of IKKα is dispensable for keratinocyte differentiation, stratifin is downregulated in IKKα-deficient keratinocytes, reintroduction of IKKα restoring the SFN expression [56] . Although a biochemical interaction between IRF6 and stratifin/IKKα has not been demonstrated, Irf6 and Sfn interact epistatically to control periderm development [23] .
Recently, we have shown that several genes required for periderm development, including Irf6, Ripk4, Sfn, Grhl3 and Jag2, are direct transcriptional targets of p63 and that periderm is absent in p63-null mice [57] . Paradoxically, in light of the finding that periderm is essential to prevent pathological adhesions between apposed epithelial surfaces, this phenotype is not observed in p63-null mice [58, 59] . However, in addition to its effect on genes involved in periderm development, loss of p63 leads to down-regulation of adherens junction-and desmosome-associated genes in the basal epithelia thereby preventing intra-oral fusions from occurring despite the absence of periderm [57] .
Periderm and fusion of the palatal shelves
Given that periderm acts as a protective barrier to prevent premature adhesion of juxtaposed epithelial surfaces during embryogenesis, this cell layer must be removed from the medial edge of the palatal shelves at a precise time to allow adhesion and subsequent fusion of the secondary palate. While some studies have suggested that periderm undergoes apoptosis and is sloughed from the leading edges of the facial primordia and the medial edge epithelia of the palatal shelves immediately prior to contact [60] [61] [62] [63] , others have shown that palatal shelf contact is achieved via the periderm [13, 57, 64] . While these different observations may be due to molecular heterogeneity along the antero-posterior axis of the palatal shelves [65] , studies using vital dye staining, molecular markers, and transgenic reporter lines have indicated that after initial contact, periderm migration is essential to prevent cleft palate [13, 57, 64, 66] . For example, Cuervo and Covarrubias selectively labelled the periderm cells with 5-6-carboxy 2-7-dichlorofluorescein diacetate succinimidyl ester and showed that the periderm cells migrated to the oral and nasal ends of the midline epithelial seam to contribute to the formation of the oral and nasal epithelial triangles where they underwent apoptosis [13] . Similarly, Richardson and co-workers used a transgenic reporter mouse in which the 5' upstream sequence from the mouse keratin 17 gene directs GFP expression in ectoderm-derived epithelial appendages during embryonic development [67] together with confocal imaging to demonstrate that periderm cells migrated out of the midline seam to the epithelial triangles and into the oral and nasal epithelia of the palatal shelves allowing palatal fusion to be completed [57] (Fig.  4) . While one potential criticism of these studies is that they were performed using an ex vivo culture system, forced (premature) contact of the palatal shelves was avoided by ensuring that the palatal shelves had already achieved contact in vivo prior to their dissection [57] .
In an elegant recent study, Kim and colleagues used a multifaceted approach to demonstrate several novel aspects of cell behaviour during fusion of the palatal shelves [68] . Using confocal live cell imaging, the authors showed that contact between the paired palatal shelves was achieved initially by cellular protrusions from the medial edge epithelia that reached across to form junctions with cells from the opposite palatal shelf leading to the formation of a multi-layered epithelial seam. Subsequently, driven by an actomyosin contractility pathway involving Rho kinase and myosin light chain kinase, culminating in activation of non-muscle myosin IIA, cell intercalation and orthogonal cell displacement resulted in convergence into a single-layer epithelium. Subsequently, apoptotic cell extrusion and extrusion-independent apoptosis, which occurred in approximately equal numbers of cells, mediated mesenchymal continuity across the secondary palate [68] . Although periderm fate was not analysed in this study, it is tempting to speculate that periderm migration from the midline seam is driven by actomyosin contractility with the periderm cells dying in the epithelial triangles [13] and the basal cells undergoing apoptosis in situ.
Molecular control of oral periderm development
As outlined above, IKKα, SFN, RIPK4 and IRF6 all play an essential role in periderm formation, mice carrying loss-of-function mutations in the genes encoding these proteins exhibiting severe intra-oral adhesions that occluded the oral cavity and prevented palatal shelf elevation resulting in cleft palate. However, one of the first insights into the function of periderm was provided by the analysis of Jag2 mutant mice [8, 11] . Although palatal development initially proceeded normally, aberrant intra-oral adhesions formed between the vertical palatal shelves and the lateral aspect of the tongue at E12 resulting in cleft palate in Jag2 ΔDSL/ΔDSL mice [8] . Casey and co-workers further demonstrated that Jag2, which is expressed throughout the oral epithelium until E14.5 when it is down-regulated in the medial edge epithelium, activates the Notch1 receptor in the oral periderm [8] . Notably, Notch1 activation was markedly reduced in the poorly differentiated periderm of Jag2-null mice [8] .
Building on these observations, Richardson and colleagues analysed the intra-oral phenotype of Irf6 R84C/R84C mice and showed that a complete failure of periderm formation led to severe intra-oral adhesions that were apparent from the earliest stages of, and persisted throughout, development of the secondary palate resulting in total occlusion of the oral cavity and cleft palate [69] . The same authors also demonstrated epistasis between Irf6 and Jag2 with Irf6 +/R84C ;Jag2 +/ΔDSL mice displaying a failure to activate Notch signaling in the oral periderm, disrupted periderm differentiation, intra-oral adhesions, and cleft palate [69] . However, the authors concluded that the phenotype observed in Irf6 +/R84C ;Jag2 +/ΔDSL embryos was unlikely to result from disruption of a protein-protein interaction between IRF6 and Jagged2, or from a failure of one molecule to activate transcription of the other, and speculated that the mechanism underlying the Irf6-Jag2 genetic interaction resulted from their combined effects on periderm formation, maintenance and function [69] . In this context, recent experiments have shown that IRF6 function in both basal and periderm cells is necessary for appropriate development of the oral epithelia [70] .
As outlined above, p63 plays a key role in periderm formation and maintenance. It is therefore notable that while p63 expression is down-regulated in the medial edge epithelia of wild-type embryos prior to palatal fusion [71] , p63 expression is maintained in Tgfb3 -/-and Tgfbr2 fl/fl ;Krt14-cre mice which exhibit cleft palate as a result of palatal fusion abnormalities [57, 63, [72] [73] [74] . To assess whether down-regulation of p63 in the medial edge epithelia of wild-type mice was a prerequisite for, or a consequence of, palatal fusion, Richardson and colleagues manipulated the level of p63 in the medial edge epithelia of Tgfb3 -/-mice genetically [57] . Although the vast majority of Tgfb3 -/-mice exhibited cleft palate, the medial edge epithelia of 88.9% of their Tgfb3 -/-;p63 +/-littermates adhered to form a midline seam which subsequently degenerated to allow fusion of the secondary palate supporting the hypothesis that epistatic down-regulation of p63 in Tgfb3 -/-embryos rescues the cleft palate phenotype (Fig. 4) . Unlike the cell behaviour observed in Tgfb3 -/-embryos, the medial edge epithelia of their Tgfb3 -/-;p63 +/-littermates ceased proliferation and displayed apoptotic activity with the periderm cells migrating out of the midline seam (Fig. 4) . Further support for the downregulation of p63 being essential for palatal fusion was provided by the generation of transgenic mice in which ∆Np63α was over-expressed constitutively in the palatal epithelia with 70% of Krt5-tTA;pTRE-∆Np63α bi-transgenic embryos displaying a persistent midline epithelial seam consisting of non-migratory periderm overlying a layer of proliferative basal cells [57] . Furthermore, the expression of a variety of genes which are normally down-regulated in the medial edge epithelia of wild-type mice, including adhesion molecules, Bcl11b and Jag2, was maintained in Krt5-tTA;pTRE∆Np63α embryos [57] . On the basis of these combined results, the authors concluded that TGFβ3-mediated, down-regulation of p63 in the medial edge epithelia allows periderm migration out of the midline epithelial seam and reduces the proliferative potential of the midline epithelial seam thereby preventing cleft palate. p63 and TGFβ3 also appear to function in concert with IRF6 to drive medial edge epithelial cell fate. In light of the phenotypic overlap exhibited by syndromes resulting from mutations in p63 and IRF6, Thomason and co-workers demonstrated that p63 and Irf6 interact epistatically, p63 +/-;Irf6 +/R84C mice exhibiting cleft palate [71] . The organisation of the medial edge epithelia was shown to be disturbed in p63 +/-;Irf6 +/R84C mice embryos with abnormal periderm cells persisting over the medial edge after the palatal shelves had fused in wild-type embryos. p63 was subsequently shown to trans-activate IRF6 by direct binding to a conserved enhancer located ~10 kb upstream of the transcription start site [71] ; the single nucleotide polymorphism rs642961 which lies within this enhancer disrupting a binding site for the transcription factor AP-2α being associated with non-syndromic cleft lip [75] . Activation of IRF6 by p63 was abrogated by DNA-binding mutations that underlie EctrodactylyEctodermal dysplasia-Clefting syndrome. Thomason and colleagues also noted that the downregulation of p63 observed in wild-type mice failed to occur in the presumptive medial edge epithelia of their Irf6 R84C/R84C littermates; consequently, the medial edge epithelia remained intact at the sites of ectopic adhesion [71] . This situation, which is in contrast to that observed in Jag2 ΔDSL /ΔDSL and Irf6 +/R84C ;Jag2 +/ΔDSL mice [11, 69] , suggested a feedback loop between p63 and IRF6. In this regard, Moretti and colleagues showed a reciprocal relationship between IRF6 and p63 both in vivo and in vitro and demonstrated that wild-type IRF6, unlike Arg84Cys mutant IRF6, targets p63 to proteosomal degradation, p63 harbouring mutations that cause Ectrodactyly-Ectodermal dysplasiaClefting syndrome being resistant to IRF6-mediated down-regulation [76] . Together, these observations demonstrate that IRF6 and p63 function in a regulatory feedback loop to control epithelial proliferation and differentiation that this module is disrupted by mutations that cause cleft lip and palate [77] .
As noted above, Grhl3 plays a central role in periderm development. Similar to Grhl3, Klf17 acts downstream of Irf6 in zebrafish periderm [78] . However, in mammals, where Klf17 is not expressed in the oral epithelia, Irf6 appears to regulate peridermal expression of Klf4 via one or more evolutionarily-conserved, long-range enhancer elements [78] . Irf6 and Spry4 have also been shown to interact genetically to regulate periderm differentiation and function with loss of IRF6 and overexpression of SPRY4 appearing to converge on GRHL3 expression [79] . Other molecules that have been implicated in oral periderm ontogeny include FGF10 and FGFR2B, pathological intra-oral epithelial adhesions being observed in both Fgf10 -/-and Fgfr2b -/-mice [80, 81] and SNAIL1/SNAIL2, periderm migration out of the midline seam apparently failing to occur in Snai1 +/-;Snai2 -/-embryos [64] ; however, detailed studies of periderm development have not been performed in these mutant strains.
Conclusions
In summary, while periderm plays a critical barrier function during embryonic development by preventing pathological adhesion of intimately apposed, adhesion-competent epithelia with periderm migration from the midline epithelial seam being a pre-requisite for fusion of the secondary palate, other functions, such as an outside-inside diffusion barrier, have not been investigated. Similarly, while a subset of the molecules driving periderm formation/maintenance has been identified, further research is essential to dissect the underlying gene regulatory networks. [18] . Note that the spinous layer is not present in the developing oral ectoderm prior to fusion of the secondary palate. 
